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For the first time, the standard Gibbs energies of transfer of anions and cations across the nitrobenzenejheavy water interface are
reported as measured by an electrochemical technique. The data have been obtained with the help of three-phase electrodes con-
sisting of a nitrobenzene droplet that contains an electroactive compound (either decamethylferrocene to transfer anions or iron(III)
tetraphenyl porphyrin chloride to transfer cations), a graphite electrode on the surface of which the droplet is attached, and a
solution of the salts with the transferable ions in heavy water. The difference between these Gibbs energies of transfer and those of
transfer between light water and nitrobenzene allows calculating the Gibbs energies of transfer between light water and heavy water.
The latter vary in the interval from )0.50 to +0.50 kJ/mol with confidence intervals ranging from 0.054 to 0.117 kJ/mol.
 2003 Elsevier B.V. All rights reserved.
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The effect of isotope exchange upon the kinetics [1–3]
of chemical reactions has been used since long to get a
deeper understanding of chemical and biological sys-
tems. However, there are also interesting effects of iso-
tope exchange upon the thermodynamics of molecular
interactions, e.g., solvation. Comparative studies of the
solubilities of various compounds in H2O and D2O as
well as studies of solubilities of deuterated or otherwise
isotope substituted compounds in water and other sol-
vents have been published [4]. To the best of our
knowledge we do not know any publication of data on
the ion transfer between heavy water and organic sol-
vents that were measured with electrochemical tech-* Corresponding author. Tel.: +49-3834-864-450; fax: +49-3834-864-
451.
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doi:10.1016/j.elecom.2003.12.001niques, although, according to a private communication
[5], such attempts have been made with the help of the
four-electrode technique [6].
The recently developed technique to determine Gibbs
energies of ion transfer using three-phase electrodes with
organic solvent droplets immobilized on electrode sur-
faces proved to be useful for various solvent systems,
e.g., water/nitrobenzene, water/dichloroethane, water/2-
nitrophenyloctyl ether, water/n-octanol, water/menthol
[7–16]. Since that technique provides rather low stan-
dard deviation data and offers an accuracy of the for-
mal-potential measurement of 1 mV, we attempted to
measure the small differences in Gibbs energies of ion
transfer at the two interfaces H2Ojnitrobenzene and
D2Ojnitrobenzene. We could prove that these small
differences can be determined, and more importantly,
the data have been determined much below the solu-
bility limits of the salts. This minimizes activity effects
and allows a better comparison between the ions.
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All the chemicals used were of analytical grade pur-
chased from Sigma–Aldrich, Germany, while suprofen,
warfarine, benzoic acid and picric acid were products of
Fluka (Buch, Switzerland). Heavy water with 99.9%
deuterium was obtained from Groupe Ceci, C.E. Saclay,
France. All the salts used were dried at a temperature of
200 C. One mol/l NaOD solution was prepared by
dissolving of metallic sodium in heavy water. A droplet
with a volume of 1 ll of 0.1 mol/l solution of decame-
thylferrocene (dmfc) or Fe(III)tetraphenyl porphyrine
(Fe(III)TPP) dissolved in nitrobenzene (NB) was at-
tached to the surface of the paraffin impregnated
graphite electrode (i.e., the working electrode). The
modified working electrode was subsequently immersed
in light water or heavy water solutions of different salts
containing the transferable anions (when oxidation of
dmfc was performed) or the transferable cations (when
reduction of Fe(III)TPP was performed). For the vol-
tammetric experiments a specially designed cell was used
that needs only 100–200 ll solution [12]. A tube with an
inner diameter of 1 mm, filled with saturated solution of
KCl (dissolved in light water or heavy water, corre-
spondingly) in Agar–Agar served as a salt bridge be-
tween the reference electrode (Ag/AgCl/saturated KCl)
and the working cell, while a Pt wire melted into the
bottom of the cell served as a counter electrode. Square-
wave (SW) voltammetry [17] was used for precise and
reproducible measuring the peak potentials which cor-
relate well with the corresponding formal potentials. All
measurements have been performed at 24 1 C room
temperature. From measurements with thermostated
cells we know that there was no measurable difference in
peak potentials between 22 and 28 C, so that it is rea-
sonable to use the room temperature measurements for
the calculation of the standard values. 1 Typical instru-
mental parameters were: SW frequency f ¼ 10 Hz, SW
amplitude Esw ¼ 50 mV, and scan increment dE ¼ 1
mV. At least 10 measurements were made for each single
concentration of each transferable ion in both light
water and heavy water, and the average value of the
peak potentials was used for calculations. All data
were statistically analyzed. The confidence intervals of
the DGb
h
ai
values vary from 0.054 to 0.117 kJ mol1
(for P ¼ 0:9). The standard potentials of dmfc and
Fe(III)TPP in NB were the same as reported previously
[11,16].1 Taking into account the temperature dependence of dielectric
constants of water and nitrobenzene it follows from Born theory that a
variation of temperature by 1 K leads around 25 C to a shift of peak
potentials from 0.1 to 0.3 mV for the studied ions. This is below that
what can be detected in our measurements.3. Results and discussion
When ions i are transferred once from regular water
to nitrobenzene and again from heavy water to nitro-
benzene, then the difference between the calculated
standard Gibbs energies of transfer of i from light water
to NB DGh
NB
iH2O
 
and from heavy water to NB DGh
NB
iD2O
 
represents the difference of the solvation energies of
these ions in heavy and light water: DGh
NB
iH2O

DGh
NB
iD2O
¼ DGhD2OiH2O . The values of DG
hNB
iH2O
and DGh
NB
iD2O
for
anions and cations can be determined from the formal
potentials of the oxidation of dmfc (for anion transfer)
and that of the reduction of Fe(III)TPP (for cation
transfer) by applying three-phase electrodes [7,16]
Eh
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In the Eqs. (1) and (2), E0
0
f is the formal potential,
Eh
dmfcþðoÞjdmfcðoÞ
and EhFeðIIIÞTPPðoÞjFeðIIÞTPPðoÞ are the standard
redox potentials of dmfc/dmfcþ and Fe(III)TPP/
Fe(II)TPP in the organic phase, respectively, while
DGh oAaq and DG
h o
Catþaq are the standard Gibbs energies of
transfer of anions and cations from the aqueous to the
organic phase, respectively. cðAÞðaqÞ and cðCatþÞðaqÞ are
the concentrations of the transferable anions and ca-
tions in the aqueous phase, while cðdmfcÞðoÞ and
cðFeðIIIÞTPPÞðoÞ are the initial concentrations of elect-
roactive compounds dmfc and Fe(III)TPP in the organic
phase, respectively. The meaning of R, T , and F is as
usual.
The determined values of standard Gibbs energies of
transfer from light water to heavy water of various in-
organic and organic cations and anions, together with
some literature data, are given in Table 1. Obviously, the
range of DGh
D2O
iH2O
values is rather narrow, i.e., it varies
between )0.50 and +0.50 kJ/mol. From these DGh
D2O
iH2O
values one can estimate the ratio: solubility of i in D2O/
solubility of i in H2O. This ratio varies from 0.82 to 1.18.
The obtained values of the standard Gibbs energies of
ion transfer from light to heavy water determined by our
approach are not so much different from the values
provided by other authors [4]. Table 1 also lists the
contributions to the standard Gibbs energies of transfer
that are due to the differences in dielectric constants
Table 1
The formal potentials measured by square-wave voltammetry for the oxidation of dmfc and transfer of anions and reduction of Fe(III)TPP and
transfer of cations, respectively, for the light water–nitrobenzene system Eh
0NB
f ;iH2O
 
and the heavy water–nitrobenzene system Eh
0NB
f ;iD2O
 
, the standard
Gibbs energies of transfer of ions from light water to heavy water DGh
D2O
iH2O
, the corresponding confidence intervals, and the literature data of standard
Gibbs energies of ion transfer between light and heavy water
Compound Eh
0NB
f ;iH2O
(V)
Eh
0NB
f ;iD2O
(V)
DGh
D2O
iH2O
(kJ mol1)
Confidence interval of
DGh
D2O
iH2O
a (kJ mol1)
(P ¼ 0:9)
Contribution from the
dielectric constantsb
DGh
D2O
iH2O
(kJ mol1)
Contribution of
cavity formationc
DGh
D2O
iH2O
(kJ mol1)
Literature values of
DGh
D2O
iH2O
(kJ mol1)
BrO3 0.044 0.041 0.29 0.087 0.022 1.14e
Cl 0.051 0.047 0.38 0.083 0.023 0.63d; 0.45e; 0.23e
OCN 0.010 0.010 0.00 0.092 0.022 –
Br 0.005 0.001 0.38 0.074 0.022 0.71d; 0.78e; 0.31e
NO3 0.046 0.042 0.38 0.068 0.022 –
ClO3 0.020 0.017 0.29 0.070 0.021 –
I )0.034 )0.038 0.38 0.054 0.019 0.91d; 1.05e; 0.52e
SCN )0.050 )0.051 0.10 0.058 0.0215 –
ClO4 )0.120 )0.122 0.19 0.077 0.0175 0.37e
Benzoate 0.086 0.086 0.00 0.048 )0.365 –
Suprofen )0.029 )0.031 0.19 0.087 –
Warfarine )0.155 )0.155 0.00 0.061 –
Butyrate 0.049 0.047 0.19 0.073 )0.270 )0.02d
Acetate 0.069 0.068 0.10 0.080 )0.080 0.03d; )0.37e
Picrate 0.015 0.019 )0.38 0.104 –
THexNþ )0.096 )0.102 )0.50 0.093 0.009 )0.710 –
TButNþ )0.164 )0.165 )0.10 0.067 0.010 )0.540 )0.37d; )0.31e;
)0.95e
Csþ )0.268 )0.266 0.19 0.088 0.025 0.41d; 0.61e; 0.48e
Rbþ )0.300 )0.298 0.19 0.117 0.028 0.65d; 0.46e; 0.71e
Kþ )0.354 )0.348 0.50 0.096 0.032 0.44d; 0.45e; 0.50e
a The confidence interval of DGh
D2O
iH2O
was estimated by using the equation: tðP ; nÞS= ffiffiffinp , where S was the standard deviation in the Gibbs energies of
ion transfer and n is the number of the measurements. The value of t (for n ¼ 10, and probability of P ¼ 0:9) was 1.83 [20].
b Estimated by using the Born electrostatic theory for ion transfer and 298 K [18].
c Estimated as differences between the energies of making a hole in heavy water and light water, by using the values for surface tensions of light
water and heavy water [21].
dData from [4] by using as a reference the standard Gibbs energy of transfer of Naþ from light water to heavy water, estimated from the value for
DH h
D2O
Naþ
H2O
of 2.55 kJ/mol and the value of TDSh
D2O
Naþ
H2O
¼ 2:38 kJ/mol.
eData from [22].
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due to the Gibbs energy of cavity formation (calculated
from the differences in surface tension of light and heavy
water). From the values of DGh
D2O
iH2O
given in Table 1 one
can conclude that most of the studied ions are stronger
solvated in light water than in heavy water. The only
exceptions are the picrate anion and the tetrabutylam-
monium (TButNþ) and tetrahexylammonium (THexNþ)
cations. Table 1 shows that the energies for cavity for-
mation in light and heavy water differ rather strongly so
that the transfer of large ions from light to heavy water
should be favoured. However, especially for several or-
ganic ions (benzoate, suprofene, warfarine, butyrate and
acetate), this effect seems to be overcompensated by an-
other term, which might be an enthalpic or an entropic
contribution. On the basis of the literature data and
theory it seems not to be reasonable to decide what the
compensating term is. Generally, it is obvious from Ta-
ble 1 that the differences in dielectric constants
(eH2O ¼ 78:40, eD2O ¼ 78:03 at 298 K) do not contribute
more than 15% to the Gibbs energies of transfer. Some
authors [19] ascribe the weaker solubility of varioussubstances in heavy water as a result of the stronger self-
association of heavy water molecules in comparison with
light water.4. Conclusions
The previously described approach to determine
Gibbs energies of ion transfer with the help of three-
phase electrodes proved to be applicable to determine
the small differences of ion transfer using light and
heavy water on one side and nitrobenzene on the other.
Although the confidence intervals are rather large, they
allow making conclusions about the standard Gibbs
energies of transfer of ions between light and heavy
water. Thus, we have proved that these values are ac-
cessible for single ions by electrochemical measure-
ments. At present it seems that due to several
inconsistencies between the data reported and reviewed
in the literature [22] it is not possible to judge about the
correctness of one or the other values. However, it is
clear from Table 1 that our values and those reported
218 R. Gulaboski et al. / Electrochemistry Communications 6 (2004) 215–218earlier are of the same order of magnitude and rather
similar. We believe that the present study will encourage
further studies that may lead to reliable data sets and a
clear understanding of the isotope effect on the solvation
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